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Abstract 
Fluorescence yield (FY) detected x-ray absorption spectrum spectra (XAS) of 3d transition metal 
ions are calculated from the integrated 2p3d resonant x-ray emission spectrum. The resulting FY-
XAS spectra are compared with the normal XAS spectra corresponding to the absorption cross 
section and significant deviations between  both spectra are found. This implies that the 
assumption that the FY-XAS spectrum identifies with the XAS spectrum is disproved. Especially 
for the early transition metal systems the differences between FY-XAS and XAS are large, due 
to the opening of inelastic decay channels from selected x-ray absorption final states. The 
theoretical calculations show that the difference between FY detection and XAS is largest for the 
detection in depolarized geometry. The calculations are compared with experimental spectra for 
oxides and coordination compounds for Fe
2+
, Co
2+
 and Ni
2+
 systems. The implications for the 
sum rules in XAS and magnetic circular dichroism  experiments are discussed.  
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I. Introduction 
The 2p x-ray absorption spectra (L2,3 edges) of 3d transition metal systems are generally 
measured with electron yield (EY) and fluorescence yield (FY) measurements detection
1
.  
Transmission measurements are less often applied because the strong absorption cross sections 
imply the need of a uniform sample thickness below in the order of 1 micron
2, 3
. Only Often x-
ray microscopy experiments regularly make use of transmission experiments mode
4, 5
 and since 
the first application of transmission mode XAS to water by Yang and Kirz in 1985
6
 approaches 
have been developed recently for transmission mode detected XAS of water and aqueous 
solution
7-13
. Still, most 2p XAS experiments are performed with EY measurements, that use 
drain current, total electron yield detectors (i.e. channeltrons) or the integrated photoemission 
spectrum. The EY measurements can suffer from surface induced effects, they need vacuum or 
low-pressure conditions,  and they can be affected by electric and magnetic fields
14
 and they can 
suffer from saturation
15
. The alternative detection scheme is with FY. Self-absorption effects in 
FY yield detection may result in strongly distorted spectral intensities. Dilute systems can ideally 
be measured with FY and concentrated systems can sometimes be diluted and/or corrected for 
saturation effects. 
It has been shown that FY spectra differ from the x-ray absorption cross section or “true XAS 
spectra” not only due to saturation effects and self-absorption, but also due to the intrinsic 
processes of the FY decay. In 1994 it was shown that the FY detected spectrum of a nickel-
cyanide complex does not relate to the 2p x-ray absorption XAS spectrum due to the state 
dependent intensity fluctuations of the fluorescence decay channels
16
. The same mechanism is 
responsible for the difference between FY-XAS and XAS at the M5-edge of rare earth systems
17
. 
In contrast, most experimental studies involving experimental FY spectra do not seem affected 
by distortions from the XAS spectral shape, or at least they are not analyzed for the possibility as 
being distorted. To shed some more light on this situation, we carried out a systematic 
investigation on transition metal spectra for typical systems ranging  from 3d
1
 to 3d
9
 ionic 
ground states.  
 
We use a theoretical approach according to which the FY signal is dominated by the 2p3d 
resonant x-ray emission spectroscopy (RXES) channels, and calculate the integrated 2p3d RXES 
spectral shape. Effectively, this can be approximated as the convolution of 2p XAS and 2p3d 
XES, slightly modified for interference effects. We show that FY detected XAS spectra contain 
intrinsic deviations from the x-ray absorption cross section in case of the L edges of 3d transition 
metal systems. The reason for these deviations is found to be the state dependence of the 
fluorescence channels.  
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A core hole decays via fluorescence decay and via Auger decay. We define the state dependent 
decay constants as respectively kFY(Γ) and kAUG(Γ). Each 2p core hole state Γ has its specific 
energy, which implies that the state dependent decay also gives an energy dependent decay. The 
exact energy dependence is modified by the respective lifetime broadenings and interference 
effects.   The total decay rate for the total number of core holes (N), assuming that the decay 
channels are independent, is given as: 
 )()(),(),(  AUGFY kktN
dt
tdN
 
In case of the L edges of 3d transition metals, the core hole decays mainly via Auger decay with 
kAUG being 100 times larger than kFY(Γ). In addition, the combined Auger channels can be 
considered as constant, as has been shown in detail for Ni
2+
[16]. We can now define the intensity 
of the fluorescence decay in terms of the decay constants: 
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Note that if the core hole would decay mainly via fluorescence yield and all fluorescence is 
detected in the experiment, this equation would yield an, approximately, state independent 
constant fluorescence yield intensity. The fluorescence yield decay constant is in this work 
calculated as the integral over the 2p3d x-ray emission channel, which we will show to be 
strongly state dependent. In contrast, the integrated 2p3s x-ray emission decay is not state 
dependent, implying that the 2p3s partial FY signal would yield an energy-independent decay 
intensity, in other words it would yield a signal proportional to the XAS cross section. 
In this paper we systematically study the deviations in the FY spectra of the following transition 
metal systems: 
a) Octahedral symmetry with a cubic crystal field splitting (10Dq) of 1.2 eV and the atomic 
3d spin-orbit coupling, corresponding to typical divalent oxide systems 
b) Octahedral sytmmetry with the 3d spin-orbit coupling set to zero. 
c) Low-spin octahedral symmetry for 3d4, 3d5, 3d6 and 3d7 systems. 
d) Comparison with experimental spectra for 3d6, 3d7 and 3d8 systems 
In addition we will study the effect of the inclusion of coherence between the 2p XAS and the 
2p3d XES transitions and the polarization effect on the FY spectra. 
II. Experiment and theory 
 
a. Computational Details 
We have applied crystal-field multiplet theory to calculate the 2p XAS (L2,3 edge) spectra and 
2p3d RXES spectral shapes. The 2p XAS spectra have been calculated as the dipole transitions 
from 3d
N
 to 2p
5
3d
N+1
 configurations. The simulations are carried out with the crystal field 
multiplet approach developed by Thole et. al 
18, 19
. The atomic values of the Slater integrals are 
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used, which we calculate by scaling the Hartree-Fock calculated values by 0.8. Because we 
intend to use a simple model that explains the main features of FY detection, charge transfer 
effects have been neglected. The 2p3d RXES calculations involve the transition from the 3d
N
 
ground state to the 3d
N
 final states through the 2p
5
3d
N+1
 intermediate states. This transition is 
theoretically described by the Kramers-Heisenberg formula 
14, 20, 21
 and the corresponding 
matrices involved are the 3d
N
 to 2p
5
3d
N+1
 dipole transition coupled to the (identical) 2p
5
3d
N+1
 to 
3d
N
 dipole decay matrices. The scattering intensity F is given as a function of incident (Ω) and 
emitted x-ray energy (ω) is given as: 
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The 3d
N
 ground state, 2p
5
3d
N+1
  intermediate state and 3d
N
 final state energies (E) are given. Ω 
and ω are the energies of the incident and emitted photon, respectively, and Γ indicates the 
lifetime broadening of the intermediate state. T1 and T2 indicate the dipole operators for 
absorption and emission. All calculations have been performed in C4 symmetry, yielding nine 
polarization combinations of the left, right and z-polarised x-rays. Using a correlation function 
description, a full RXES calculation involves potential different polarizations for the absorption 
and emission step, implying 3
4
 = 81 polarization combinations 
22
. We have chosen to assume a 
fixed polarization for the absorption and also for the emission step, which limits the 81 
combinations to the 9 combinations that we have treated. The transition lines have been 
convoluted using a Lorentzian and Gaussian function to account for the core-hole life time and 
instrumental resolution respectively. The half width at half maximum of the Lorentzian used are 
0.2 eV for the 2p
5
3d
N+1
  intermediate state and 0.2 eV for the 3d
N
  final state. The intermediate 
state lifetime broadening of 0.2 eV is the average value of a typical L3 edge of a transition metal 
oxide. The final state lifetime broadening is less known and could be lower than the value of 0.2 
eV that we use. We use a Gaussian broadening of  0.2 eV to simulate an 200 meV resolution 
monochromator, realizing that many actual beamlines have better resolution. 
 
 
b. Experiment 
 
The data for LiFePO4
23, 24
 and Co2SiO4
24
 were measured at beamline I-511, MAX-lab, Lund, 
Sweden. The total electron yield spectra were recorded in drain-current mode at 90 degrees 
radiation incidence angle to the surface of the samples while total fluorescence yield was 
detected with help of the multichannel plate detector at 45 degrees outgoing photon angle (in the 
horizontal plane) and with help of a diode at ~80 degrees outgoing angle to the surface (in the 
vertical plane). This experimental set-up prevents self-absorption effects. Samples were in 
powder form on conducting carbon tape. The experimental on Cs[NiCr(CN)6].2H2O has been 
digitised from reference 
16
. 
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III. Results and Discussion: 
 
a. The XAS and FY-XAS of  transition metal ions  
The comparison between the XAS and FY-XAS for the 2p XAS spectra of the transition metals 
are presented in Figure 1. The spectra have been generated as the combination of all nine 
polarization combinations. Figure 2 will show the effects in case of the most used experimental 
polarizations. The influence of the 3d spin-orbit coupling on the absorption spectra and the FY-
XAS are given in the same Figure. The maximum intensities of XAS and FY-XAS are 
normalized to unity. The transition metal 2p levels split into 2p1/2 and 2p3/2 due to the spin orbit 
coupling. Therefore, the energy separation between the L3 and L2 edges is mainly related to the 
spin orbit coupling on the core 2p levels of the transition metal ion.. Below we analyse the 
specific issues of each 3d
N
 ground state. 
 
The 3d
1
 system (Ti
3+
) are shown in Figure 1a. The 3d
1 
system has an atomic Hund’s rule 2D3/2 
ground state. With a cubic crystal field, the ground state has one occupied t2g state and its 
symmetry is 
2
T2. All ground states with a partly filled t2g level are strongly affected by the 3d 
spin-orbit coupling which is clear from the Figure 1a, where the lower (upper) panel shows the 
result with (without) 3d spin-orbit coupling. The 3d spin-orbit coupling modifies the details of 
the spectral shape. A discrepancy in the L3-L2 intensity ratios for the XAS vs. FY-XAS is seen 
for both the calculations. The 3d
2
 systems (Ti
2+
) are shown in Figure 1b. The atomic ground state 
3
F2 and with  a cubic crystal field, the ground state has two occupied t2g electrons, with 
3
T1 
symmetry. This ground state is also strongly affected by the 3d spin-orbit coupling (see Figure 
1b). Similar to Ti
3+
, different peaks in between the L3 and L2 edge are seen with 3d spin-orbit 
coupling. A clear effect is that the L2 edge gains more intensity in the FY-XAS spectrum 
compared to XAS.  
The 3d
3
 systems (V
2+
) are shown in Figure 1c. The atomic ground state is 
4
F3/2. Within a cubic 
crystal field, the ground state has three t2g electrons and is of 
4
A2 symmetry, which is not 
affected by 3d spin-orbit coupling.  It is clear from Figure 1c that the FY-XAS intensity of the L2 
edge drastically increases the L2 edge intensity becomes close the intensity of the L3 edge. The 
3d
4
 systems (Cr
2+
) is given in Figure 1d. The atomic ground state is 
5
D0 and  in octahedral 
symmetry the 
5
E ground state contains  three t2g spin up electrons and one eg spin up electron. 
For large crystal field values the ground state has 
3
T2 low spin symmetry with all the four 
electrons (three spin up and one spin down) in the t2g state. Spectra for low-spin ground state are 
shown in Figure 3a. There is a strong influence of the 3d spin-orbit coupling at both high spin 
and low spin states, which is evident from Figure 1d and 3a.  Similar to V
2+
, a strong increase in 
the L2 edge intensity is seen for the FY-XAS spectra compared to the XAS. 
The 3d
5
 systems (Mn
2+
) are given in Figure 1e. The atomic ground state is 
6
S5/2. Within a cubic 
crystal field, the high spin ground state has three t2g spin up electrons and two eg spin up 
electrons, with 
6
A1 ground state symmetry. This A1 symmetry state is, in first approximation, not 
affected by the 3d spin-orbit coupling, but due to the interplay with mixing of excited symmetry 
states a small splitting can occur also for Mn
2+
 systems. The low-spin 3d
5
 systems have five 
electrons in their t2g shell (three spin up and two spin down), hence a 
2
T1 ground state, which is 
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shown in Figure 3b.  This low spin ground state is affected by 3d spin-orbit coupling. The 3d
6
 
systems (Fe
2+
) are given in Figure 1f. The maximum spin state is S=2 with an atomic 
5
D2 
symmetry. Within a cubic crystal field, the ground state has four electrons in the t2g state and 
two electrons in the eg state, with a 
5
T2 symmetry state. The low-spin 3d
6 
systems have all the six 
electrons in the t2g state and an 
1
A1 symmetry (see Figure 3c). This 
1
A1 symmetry state is not 
affected by the 3d spin-orbit coupling.The 3d
7
 systems (Co
2+
) are given in Figure 1g. The atomic 
ground state is 
4
F9/2.  Within a cubic crystal field, the ground state has, in addition to its three t2g 
and two eg states spin-up electrons, two additional t2g spin-down electrons, with 
4
T1 symmetry. 
Due to the partly filled t2g states, the 3d
7
 systems are sensitive to 3d spin-orbit coupling, which is 
evident form Figure 1g.  The low spin 3d
7
 systems have six t2g electrons and one eg electron, 
with a 
2
E symmetry state, which is shown in Figure 3d. 
3d
8
 systems (Ni
2+
) are given in Figure 1h. The ground state symmetry is 
3
F4. Within a cubic 
crystal field, the ground state has six t2g electrons and two eg spin-up electrons, with a 
3
A2 
ground state. Therefore, the ground state is always a stable high spin state in octahedral 
symmetry and it is not affected by 3d spin-orbit coupling. The 3d
9
 systems (Cu
2+
) are given in 
Figure 1j. The atomic ground state is 
2
D5/2 atomic. Within an octahedral symmetry, there are six 
t2g electrons and three eg electrons, with a 
2
E ground state symmetry. Without the 3d spin-orbit 
coupling, the L3-L2 edge intensity ratio is 2:1 (cf Figure 1j). With 3d spin-orbit coupling the 
branching ratio defined as the intensity of the L3 edge divided by the total intensity of the 2p 
XAS spectrum, is affected. In fact, the branching ratio is a direct measure of the mixing of the 
3d3/2 character into the 3d5/2 atomic ground state due to crystal field effects. 
Comparing all nine calculations in Figure 1, one can make the general observations that the FY-
XAS spectra have an increased intensity of the L2 edge and in addition the states at the higher-
end of both the L3 and the L2 edge increase in intensity. The states at higher energy on average 
seem to have more and stronger fluorescent decay channels.The increase of the L2 edge also 
implies that the branching ratio is significantly affected in FY-XAS spectra. 
b. Polarization dependent effects 
In photon-in photon-out experiments, the polarization and scattering angle are important 
additional degrees of freedom. Depending on the polarization of the used x-rays as well as the 
scattering angle, different combinations of polarizations of the x-ray absorption and x-ray 
emission transitions are combined. The results for the 3d
1-9
 transition metals for the high spin 
states are given in Figure 2. In Figure 2, we compare the total FY-XAS spectrum with the two 
most commonly applied experimental settings for soft x-ray emission experiments, where the 
angle between the incoming x-ray propagation direction and the outgoing x-rays is set to 90°. 
The incoming x-rays are polarized either linear parallel (depolarized geometry or linear 
horizontal; LH) or linear perpendicular (polarized geometry or linear vertical; LV) to the 
scattering plane. It is interesting to note that the LV polarized spectra are essentially identical to 
the total polarization averaged spectra. The LH polarized spectra show differences with the LV 
spectra and the polarization averaged spectra. In general the LH spectra have an increased 
difference with the XAS spectra, as compared with the polarization averaged FY-XAS spectra: 
  
7 
 
the peaks of the L2 edge and the peaks at the high-energy side of the L3 and L2 edges are further 
enhanced in LH polarization. 
c. Low-spin systems 
Figure 3 shows the calculations for the low-spin systems, using a cubic crystal field strength of 
10Dq = 2.4 eV. In octahedral symmetry 3d
3
, 3d
4
, 3d
5
 and 3d
6
 systems contain a high-spin to low-
spin transition. The low-spin calculations show a similar trend as the high-spin calculations: (1) 
An increase of the L2 edge for Cr
2+
, Mn
2+
 and Fe
2+
 and (2) a transition intensity increase for the 
states at the end of the L2 and L3 edge. This is for example visible for low-spin Co
2+
 as a 
decrease of the FY-XAS intensity at the low-energy side of the L3 edge. 
d. The consequences for the sum rules 
The intensities of the XAS and FY-XAS spectra as a function of the number of core holes are 
plotted in Figure 4. The XAS intensities form a straight line, exactly confirming the 2p XAS sum 
rule: the integrated 2p XAS intensity measures the number of empty 3d states. FY-XAS shows a 
fluctuating line, indicating the difference in the decay channels of FY-XAS. This implies that the 
sum rule for the number of holes does not apply for FY measurements. This has also 
implications for the sum rules as used in x-ray magnetic circular dichroism (XMCD). Also for 
the FY detected XMCD measurements there will be effects due to the energy dependent 
fluorescence decay, which will cause systematic deviations for both the XAS and the XMCD 
spectra. The integrated FY-XAS intensity does not have a well-defined meaning unlike the 
integrated XAS intensity. Its relative intensity depends mainly on how many and how strong x-
ray emission channels the 2p core states have. This is strongly dependent on the specific 
symmetry, in other words on the 3d count, the crystal field effects and also the charge transfer 
effects. Figure 3 shows that 3d
1
, 3d
3
 3d
5
, low-spin 3d
7
, 3d
8
 and 3d
9
 have relatively high FY-XAS 
integrated intensity, compared with the relatively low FY-XAS intensities of the other 3d counts. 
For example, the Mn
2+
 system reaches a set of intermediate states that have a larger-than-average 
integrated x-ray emission decay strength, but it is not evident to explain the trends in this 
behavior. 
e. The effects of interference 
The inclusion of interference effect can be crucial in some cases as it can create the excitation 
and decay of intermediate states overlapping in energy. A calculation on 3d
3
 V
2+
 is performed by 
including the interference effect and plotted along with the FY-XAS omitting interference effect 
in Figure 5. From the correlation between two plots, we find that the interference effect is 
important and is strong at the L3 edge. If interference effects can be neglected one can use a 
much simpler calculation for the 2p3d RIXS plane, as the Kramers-Heisenberg relation then 
simplifies to the multiplication of the XAS spectrum with the XES spectrum. What needs to be 
considered also when interference is neglected is that each 2p
5
3d
N+1
 multiplet state can have a 
decay channel entirely different from its neighbor state that can be almost degenerate in energy. 
This implies that also without interference effects one still has to calculate the combination of 
each specific excitation with its related decay spectrum. A further simplification to the direct 
multiplication of the XAS spectrum with a fixed XES spectrum is not possible. This is in 
  
8 
 
contrast to systems where multiplet effects are not important and one can use single particle 
methods such as density functional theory (DFT) to calculate both the XAS and XES spectra 
25, 
26
. 
f. Comparison with experiment 
Figure 6 shows the comparison with experiment. We compare the calculations respectively with 
two bulk oxides LiFePO4 
23
 and Co2SiO4 
24
 and  a coordination compound Cs[NiCr(CN)6].2H2O 
16
. LiFePO4 contains 3d
6
 Fe
2+
, Co2SiO4 contains 3d
7
 Co
2+
 and Cs[NiCr(CN)6].2H2O contains 3d
8
 
Ni
2+
. For all systems the transmission or electron yield XAS experiments are compared with FY-
XAS experiments. The experimental differences between XAS and FY-XAS agree with the 
calculations. Figure 6a shows the increased L2 edge plus the increased intensity at the high 
energy side of the L3 edge. Figure 6b show the decrease in intensity at the low energy side of the 
L3 edge and Figure 6c shows the same effect. Cr
3+
 data also confirms the difference between FY-
XAS and XAS
27
. 
 
All experiments confirm the theoretical predictions. This also implies that for all systems the FY-
XAS is dominated by the 2p3d XES decay channel. Calculations of the radial matrix elements 
confirm that the 2p3s XES decay channel is weaker by at least a factor of four for all systems. 
The 2p3s XES does not show an energy dependence, implying that the overall effect of 2p3d and 
2p3s XES decay is slightly less extreme than solely the 2p3d XES that has been calculated. This 
is confirmed by the experiments that show in most cases a slightly weaker effect than the 
theoretical calculations. Because the 2p3s XES decay does not show an energy dependence it 
could be used as a PFY detector channel to reveal directly the XAS spectral shape.  
 
There are two effects that could further affect the calculated FY-XAS results: (1) Super Coster-
Kronig (SCK) Auger decay channels and (2) charge transfer effects. SCK Auger involves a 
decay channel from the L2 edge to the L3 with the emission of a ~10 eV electron. This is a 
relatively strong channel. The SCK L3 state will subsequently decay via other (cascade) Auger 
channels, but a fraction will decay via the radiative 2p3d XES channel, adding intensity to FY-
XAS signal. Recent experiments that detect complete RIXS planes of Cr
3+
 systems confirm the 
presence of these SCK Auger plus 2p3d XES cascade channels
27, 28
. The SCK Auger decay has 
two counterbalancing effects on the FY-XAS intensity: (i) the shortened lifetime of the L2 states 
decreases the FY-XAS of the L2 edge and (ii) the SCK Auger decay followed by 2p3d XES 
cascade channels increases the FY-XAS of the L2 edge. In the present calculations we do not 
include charge transfer effects. Charge transfer states have a different degree of localization and 
it can be expected that the ratio between radiative and non-radiative channels is modified. This 
implies that systems with significant charge transfer intensity, in particular involving both 
ligand-metal and metal-ligand charge transfer in molecular π-systems29,30, can show modified 
results. On the other hand, we do not expect significant modifications of the results in case of 
bulk oxides.  
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IV. CONCLUSION 
 
The fluorescence yield measurements of x-ray absorption spectra are often used as a measure of 
the x-ray absorption cross section. In this paper we have shown that the fluorescence yield decay 
channels of the L2,3 edges of the transition metals are distinct from the x-ray absorption cross 
section, and there is a clear difference between the XAS and FY-XAS spectra in case of the 3d 
transition metal ions. The results show that FY measurements on transition metal L edges are 
sensitive to the decay channels and hence cannot be taken as an analogue for the Electron Yield 
measurements or Transmission measurements. This effect is a result of the opening  of a 
fluorescent decay channels for selected absorption transitions. The integrated results show that 
the sum rule is not applicable on FY-XAS data, which also implies that FY detected X-MCD 
data are affected and cannot be directly used in a quantitative way using the sum rules. The same 
conclusion can be made regarding the branching ratio. The calculations are confirmed by four 
experimental data sets comparing FY-XAS and XAS detection, which  confirm the theoretical 
predictions. 
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Figure 1: XAS and FY-XAS for the 3d1-3d9 transition metal ions with a 10 Dq of 1.2 eV. The lower 
panel shows the results with 3d spin-orbit coupling and upper panel without 3d spin-orbit coupling. The 
black solid line shows the XAS and the red dotted line is the FY-XAS spectra. 
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Figure 2: The polarization dependency of the FY-XAS for the 3d
1
-3d
9
 transition metals is given. 
The spectra given are FY-XAS (black solid), FY-XAS (LH) (red dashed) and FY-XAS (LV) 
(green with symbol). 
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Figure 3: The low spin XAS and FY-XAS spectra for the 3d4-d7 transition metal ions. The lower panel 
shows the results with 3d spin-orbit coupling and upper panel without 3d spin-orbit coupling. The 
1
A1 
ground state of low-spin Fe
2+
 is not affected by 3d spin-orbit coupling.. The black solid line shows the 
XAS and the red dotted line is the FY-XAS spectra. 
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Figure 4: The integrated intensities of the XAS and FY-XAS of 3d1-9 metals as a function of the number 
of core holes. The straight line of the XAS results (black), is compared with high-spin (blue) and low-spin 
(red) FY-XAS calculations. 
 
Figure 5: The interference effect on the FY-XAS spectra for 3d3 (V2+).  The solid (red) line shows the 
spectra with including the interference effect and the dashed (green) line without it, the difference 
between both spectra is shown with the dotted (blue) line. 
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Figure 6: The comparison of the simulated XAS (black, solid line) and FY-XAS (red, dashedline) 
spectra with the experimental spectra.  From left to right respectively a) Fe
2+
(measured on LiFePO4  
23
), b) 
Co
2+
 (measured on Co2SiO4 
24
) and c) Ni
2+
 (experiment on Cs[NiCr(CN)6].2H2O 
16
) respectively. The 
XAS and FY-XAS specrtra are normalized so that the maximum of L2 edge coincide each other. 
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